Host immunity to parasitic nematodes requires the generation of a robust type 2 cytokine response, characterized by the production of interleukin 13 (IL-13), which drives expulsion. Here, we show that infection with helminths in the intestine also induces an ILC2-driven, IL-13-dependent goblet cell hyperplasia and increased production of mucins (Muc5b and Muc5ac) at distal sites, including the lungs and other mucosal barrier sites. Critically, we show that type 2 priming of lung tissue through increased mucin production inhibits the progression of a subsequent lung migratory helminth infection and limits its transit through the airways. These data show that infection by gastrointestinal-dwelling helminths induces a systemic innate mucin response that primes peripheral barrier sites for protection against subsequent secondary helminth infections. These data suggest that innate-driven priming of mucus barriers may have evolved to protect from subsequent infections with multiple helminth species, which occur naturally in endemic areas.
Introduction
While it is widely accepted that adaptive immunity is key to control of multicellular pathogens across barrier surfaces (Grencis, 2015) , it is becoming increasingly clear that innate responses resulting from damage caused by pathogen invasion can play a critical role, particularly at mucosal sites such as the lung and intestinal tract (Spits et al., 2013; Walker et al., 2013) . Type 2 immune responses are critical in driving expulsion of helminths via induction of goblet cell hyperplasia and mucus secretion (Oeser et al., 2015) . The primary protective surface at mucosal sites is the secreted mucus barrier, which is a dynamic multimolecular matrix built on polymeric, gel-forming glycoproteins (mucins), with different mucins dominating the barrier at different mucosal sites (Thornton et al., 2008) . At mucosal sites, specialized epithelial cells such as goblet cells secrete gelforming mucins. Upon infection, these cells undergo hyperplasia and increase mucin production, which expands the secreted mucus barrier and provides protection against multiple pathogens (Else and Finkelman, 1998; Khan et al., 2001; Webb et al., 2007) . The mucus layer also contributes to the tissue immune response by incorporating antimicrobial substances (e.g., defensins, lysozyme, and IgA), immunomodulatory molecules (e.g., secretoglobins and cytokines), and repair molecules (e.g., trefoil proteins; Vreugdenhil et al., 2000; Thim et al., 2002; Meyer-Hoffert et al., 2008; Vaishnava et al., 2011; Wells et al., 2017) .
In the intestine, the mucin Muc2 (in mice)/MUC2 (in humans) is the major gel-forming mucin, which provides a protective barrier against microbes as well as modulating antigen sampling and tolerance (Johansson et al., 2013) . In the respiratory tract, the mucus layer provides hydration and protection against inhaled pathogens and toxicants. Muc5b/MUC5B and Muc5ac/MUC5AC are the major gel-forming mucins of airway mucus (Young et al., 2007; Fahy and Dickey, 2010) and contribute to the protective properties of this mucosal barrier. In mice, Muc5b is required for maintaining immune homeostasis in the lungs (Roy et al., 2014) , whereas Muc5ac is up-regulated in allergic inflammation (Evans et al., 2015) suggesting the two mucins may have differing roles. Interestingly, Muc5ac is also up-regulated in the intestine following helminth infection and required for expulsion (Hasnain et al., 2011) , suggesting a key role for coordinated mucus responses in immunity to helminth infections at multiple barrier surfaces.
Intestinal-dwelling helminths are ubiquitous parasites of man and animals and have played an important part in the evolution of our immune system (Maizels and McSorley, 2016) . Their life cycle strategies are varied depending on species, but all involve invasion of at least one mucosal site, and often two (Zaph et al., 2014) . Resistance to these infections is dependent on the generation of a robust type 2 cytokine response, in particular production of IL-13 (Grencis et al., 1991; Urban et al., 1998; Finkelman et al., 1999; Cliffe and Grencis, 2004) . In addition, while a key role for CD4 + T cells in protection against many species of helminths is well established (Harris and Loke, 2017) , more recently a major role for innate cell types in resistance has also been demonstrated, particularly for IL-13-secreting group 2 innate lymphoid cells (ILC2; Moro et al., 2010; Neill et al., 2010; Price et al., 2010; Klose and Artis, 2016) . The effector mechanisms responsible for host protection against intestinal nematodes controlled by IL-13 are dominated by the effect this cytokine has on the regulation of host epithelium (Cliffe et al., 2005) , most notably mucin-producing goblet cells. Indeed, we have previously shown that defined mucins (Muc2 and Muc5ac) are important in the intestinal protective response to multiple helminth species (Hasnain et al., 2010 (Hasnain et al., , 2011 .
The conservation of type 2 mediated effector responses in immunological protection against intestinal nematodes is remarkable bearing in mind the differences between species phylogenetically. Here we show that infection with a gastrointestinal (GI) helminth also induces a systemic innate IL-13-driven mucin-mediated protective immunity, which primes distal barrier tissue sites for subsequent secondary infections with multiple different helminth species. Specifically, infection within the intestinal tract elicited ILC2s, which migrated and induced goblet cell hyperplasia and production of mucins distally in the respiratory tract. This systemic innate response in turn primed this tissue for protection against a secondary infection with a disparate species in the lungs. Importantly, we show that the elevated mucus production is sufficient to protect against helminth infection in the lung. Together, we demonstrate that infection by GI-dwelling nematodes induces innate-driven changes in the secreted mucus barrier at multiple mucosal sites regardless of the species of infecting helminth. This provides an important first-line innate defense mechanism that operates against the multiple helminth challenges that both man and animals will encounter at host mucosal surfaces.
Results and discussion
Intestinal nematode infection generates a rapid IL-13-driven goblet cell hyperplasia at distal, uninfected mucosal barrier sites To investigate the effect of systemic mucosal responses to infection, we used the intestinal dwelling nematode Trichinella spiralis. Previous work has shown that T. spiralis infection results in an IL-13-driven intestinal goblet cell hyperplasia, with elevated levels of the mucins Muc2 and Muc5ac, which aids in the expulsion of the parasite from the GI tract (McDermott et al., 2005; Hasnain et al., 2011) . Surprisingly, we found that mice infected with T. spiralis also exhibited mucus production in the lung, despite the absence of infection at this site ( Fig. 1 , A-D). Both Muc5b and Muc5ac protein levels were significantly increased by day 4 postinfection (p.i.), which is before migration of L1 stage T. spiralis larvae out of the intestinal tract to skeletal muscle (Harley and Gallicchio, 1971; Wang and Bell, 1986) , and reached a peak by day 20 p.i., when the intestinal infection had long been cleared (Fig. 1, C and D; and Fig. S1 A) . Moreover, at day 42 p.i., significantly increased levels of both mucins persisted within the lung, suggesting that intestinal-elicited immune responses may alter tissue function at distal uninvolved sites ( Fig. S1 B) . Interestingly, T. spiralis infection also induced changes in mucin production in the eye, a site also associated with infection/migration of various nematode species (Ahn et al., 2014) , characterized by an increase in corneal Muc5b expression from day 4 p.i. (Fig. S1 C) . As T. spiralis migrates through the blood/lymph to muscle tissues, we tested the ability of other intestinal-restricted helminth infections in priming distal mucosal sites. Importantly, the mucin response was not limited to T. spiralis infection and was observed in strictly intestinal-dwelling helminths (Cunningham and Olson, 2010; Maizels et al., 2012) , as infection with either the mouse roundworm Heligmosomoides polygyrus or the intestinal dwelling cestode Hymenolepis microstoma also caused significantly elevated Muc5b and Muc5ac production distally in the lung (Fig. S1 , D and E).
T. spiralis-infected mice also exhibited a significant elevation in IL-13 + CD45 + cells in the lung parenchyma ( Fig. 1 , E and F) as early as day 4 p.i. In vivo administration of a neutralizing anti-IL-13 antibody during infection significantly reduced both the Muc5b and Muc5ac protein levels in the lung to baseline (Fig. 1 , G and H). Additionally, mice deficient for IL-13 (Il13 −/− ) clearly exhibited an inability to up-regulate both mucins within the lung following intestinal T. spiralis infection ( Fig. S2 A) , this establishes that IL-13 has a critical role to play in mucin upregulation during nematode infections at distal sites, in line with previous findings implicating IL-13 in Muc5b and Muc5ac production in the mouse lung (Kuperman et al., 2002; Portal et al., 2017) . Collectively, these data show that intestinal infection with helminths induces an IL-13-driven production of mucins within the airways, a site distal from infection.
ILC2-derived IL-13 is required for lung mucin production following intestinal T. spiralis infection T helper type 2 cells and ILC2s are both major producers of IL-13, although the kinetics of these responses differ (McKenzie et al., 1993; Klose and Artis, 2016) . To determine the cellular source of IL-13 responsible for T. spiralis-induced mucin expression in the lungs, the phenotype and frequency of IL-13 eGFP+ cells were determined following infection. 4 d p.i., the majority of IL-13 eGFP+ cells were found to be negative for major lineage markers, suggestive of an innate cell source. In contrast, by day cytokines in the lung in the context of allergic airway inflammation or following infection (Chang et al., 2011; Monticelli et al., 2011; Barlow et al., 2012) . At day 10, the lin neg IL-13 eGFP+ population expressed CD25 and CD127, in contrast to the lin pos cells, indicative of an ILC phenotype (Fig. 2 B ; Spits et al., 2013) . As mucin responses were detected as early as day 4, we hypothesized that adaptive sources of IL-13 may be dispensable for systemic mucin responses to T. spiralis. Accordingly, Rag2 −/− mice demonstrated comparable increases in lung Muc5ac and Muc5b expression at day 10 p.i. In contrast, Rag2 −/− γc −/− mice, which lack both adaptive cells and ILC, had severely impaired mucin responses following infection, with a complete lack of Muc5ac expression ( Fig. 2 , C and D). This suggested that ILC2derived IL-13 is sufficient for systemic mucin responses in the lung following intestinal helminth infection.
ILC2s are increasingly appreciated to be phenotypically and functionally heterogeneous and can be differentially elicited by multiple alarmins and cytokines, including IL-33, IL-25, and thymic stromal lymphopoietin (Klose and Artis, 2016) . Previous studies have demonstrated that while IL-33 elicits ILC2 with a classical phenotype (termed natural ILC; nILC2), IL-25 can elicit ILC2 with inflammatory potential (termed iILC2), characterized by their functional plasticity and ability to produce IL-17A, high expression of the activation marker KLRG1, and relatively low surface expression of CD90/Thy1 (Huang et al., 2015) . Furthermore, recent findings indicate that IL-25 produced by intestinal tuft cells elicits a population of iILC2 with the potential to recirculate to peripheral tissues, including the lung (Howitt et al., 2016; von Moltke et al., 2016; Huang et al., 2018) . To determine if T. spiralis infection similarly elicits tuft cells and intestinal iILC2, intestinal sections from infected mice at day 4 p.i. were stained with DCLK1. While increases in tuft cell numbers occurred rapidly within the intestine, no response was observed within the lung (Fig. 2 E) . Further to this, we profiled the ILC2 phenotype within the small intestinal lamina propria and lung following T. spiralis infection. In line with the tuft cell response, a marked increase in ILC2s was observed in the intestinal tract at day 4 p.i., which predominantly exhibited low surface expression of CD90.2 and high KLRG1 (Fig. 2 F) . Notably, infection also induced an increase in CD90.2 lo KLRG1 hi iILC2 (also ST2 low, CD25 low; Fig. S2 B) distally in the lung parenchyma at day 4 p.i., despite the lack of local tuft cell hyperplasia (Fig. 2 , E and F). Administration of FTY720 over the period of infection blocked migration of this cell population into the blood (Fig. 2 G) and lungs ( Fig. 2 H) , supportive of their intestinal source and the previously reported migratory capacity of iILC2 (Huang et al., 2018) . Moreover, increased mucin production was found to be intact in the lungs of day 10-infected Il33 −/− mice, and analysis of Figure 2 . Inflammatory ILC2-derived IL-13 is sufficient to drive lung goblet cell hyperplasia. (A) Analysis of lung-derived IL-13 eGFP+ cells from naive and T. spiralis-infected mice. Cell subsets determined by lineage expression (LIN neg : blood and lung CD90.2 lo KLRG1 hi iILC2 frequency was similar in day 4-infected Il33 −/− mice, suggesting this ILC2-activating cytokine is dispensable for systemic airway responses following intestinal T. spiralis infection (Fig. S2 , C and D) and indicative of a predominant role for IL-25-induced iILC2 responses. Moreover, selective gating of IL-13 eGFP+ Lin neg cells in the lung at day 10 p.i. confirmed that CD90.2 lo KLRG1 hi iILC2 were the predominant source of cytokines in infected mice, whereas IL-13 eGFP+ Lin neg cells present in naive mice were largely CD90.2 hi KLRG1 hi , a phenotype more closely associated with nILC2 (Fig. 2, I and J) . Also, transfer of IL-13 eGFP+ iILC2 from the lungs of T. spiralis-infected mice into immunodeficient mice lacking ILC efficiently restored the lung Muc5b and Muc5ac response (Fig. S2 E) . The data, therefore, demonstrate that ILC2s are sufficient to drive mucin responses in the lung and suggest that an intestinally induced iILC2 acts to induce mucus production systemically through migration to peripheral tissues, such as the lung, in an IL-13-dependent manner. Moreover, this mechanism of mucin induction may be conserved across multiple intestinal helminth infections, as we also observed an elevation of intestinal tuft cell numbers following H. microstoma infection (Fig. S2 F) , similar to that shown for Nippostrongylus brasiliensis (Nb) and H. polygyrus infections (Gerbe et al., 2016; Howitt et al., 2016; von Moltke et al., 2016) .
Intestinal helminth infection cross-protects against secondary infection with a heterologous helminth in the lung via goblet cell hyperplasia and increased mucus secretion
As intestinal helminth infections induce an innate-driven mucin response distally in the lung, we postulated that this conserved host response may be protective and act to prime systemic tissues against further invading helminths. To confirm this cross-protective nature of the elevated mucus response in the lung, mice were challenged i.v. with L3 of Nb 20 d after T. spiralis infection. Following skin penetration and migration through the circulation, L3 Nb larvae traverse through the lung spaces as part of their life cycle to reach the trachea, where they are coughed/move up the airways and subsequently swallowed before establishment in the lumen of the small intestine, their reproductive niche (Bouchery et al., 2015) . T. spiralis single-infected animals and coinfected (T. spiralis and Nb) mice showed significantly elevated Muc5b and Mc5ac production in the lung compared with naive noninfected animals or animals infected with Nb alone (Fig. 3,  A and B) . T. spiralis-primed lung goblet cell hyperplasia was associated with a decreased ability of larval Nb to migrate ( Fig. 3 C) , sequestration of larvae in the lung (Fig. 3 D) , and reduction in total larval numbers, while intestinal parasite clearance was also delayed (Fig. 3 E) . This suggests that delayed Nb migration to the intestine may be due to a decreased ability to migrate out of the lung space and trapping by airway mucins. Earlier research into the role of mucins and parasite resistance suggested a role for parasite trapping within the intestinal mucus barrier (Carlisle et al., 1991; Webb et al., 2007) . Indeed, we show that at all time points following infection, there are increased numbers of larvae trapped within the lung that could only be released following digestion (Fig. 3 D) .
To test the relative contribution of Muc5b and Muc5ac in airway larval trapping following secondary infection with Nb, similar experiments were performed in Muc5b −/− and Muc5ac −/− mice. Loss of either mucin was not sufficient to prevent Nb larval trapping in T. spiralis infection-primed mice, suggesting that Muc5b and Muc5ac may mediate redundant roles in this protective anti-helminth response (Fig. 4  A) . Indeed, following T. spiralis infection in the specific single mucin knockout mice, we still observed markedly increased mucin production within the airways (Fig. S3 A) , suggesting that sufficient mucus is produced to delay Nb transit. To test whether enhanced mucus secretion alone was sufficient to reduce Nb larval migration in the absence of prior infection, Muc5b-Tg mice that overexpress Muc5b were challenged with Nb L3 s.c. Naive Muc5b-Tg mice show significantly elevated levels of Muc5b in the lung before infection, confirming an increased mucus barrier at baseline (Fig. 4 B) , in line with previous findings (Roy et al., 2014) . Upon infection with Nb alone, Muc5b-Tg mice exhibited significantly elevated trapping of larvae, as evident from reduced passive migration out of the lung ("live lung") and reduced migration of the parasites to the intestinal niche, as well as enhanced recovery of larvae following tissue digestion ("trapped lung"; Fig. 4 C) . Thus, taken together, the data show that increased mucin production by either mucin in the lung is sufficient to significantly recapitulate the effect of prior infection, impair nematode larval migration through the airways, and limit migration and establishment of subsequent infection in the intestinal tract.
That Muc5b-overexpressing mice have the ability to limit parasite migration suggests a critical role for the mucus barrier. Previous work has indeed suggested that the intestinal mucus barrier could act to entrap parasite larvae, therefore acting as a physical barrier (Miller, 1987) , as supported here by observations of mucus-trapped parasites in situ (Fig. S3 B) . However, these trapping mechanisms were suggested to be antibody dependent (Carlisle et al., 1991) , whereas our data would suggest this not to be the case, as mucus production was clearly evident in Rag-null mice (Fig. 2 C) , as was cross-protection ( Fig. S3 C) , and thus immunity operates effectively in the absence of antibody and adaptive immunity. Furthermore, there is little evidence of cross-reactivity of antigens between T. spiralis and Nb (Kennedy, 1980) . Finally, Muc5b-Tg mice were able to prevent early larval migration without prior infection, supporting the role of mucus itself as the effector. Mucus entrapment could act to inhibit parasite mobility as well as feeding capacity, rendering the parasites susceptible to clearance by other cellular components.
By investigating the systemic mucus response to different intestinal helminths, we have revealed a highly conserved innate host-protective response to invading parasites. This mechanism involves ILC2s and their effector cytokine IL-13, which have previously been shown to play important roles in the host response to infection; however, we have now shown a novel mechanism involving distal sites to the infection niche, which highlights the importance of crosstalk between multiple tissues. 
Materials and methods

Mice
Male mice were used throughout. C57BL/6 mice aged 8-10 wk were purchased from Envigo. UK IL-13 eGFP/+ mice on a BALB/c background and their WT (BALB/c) littermates were kindly provided by Andrew McKenzie (University of Cambridge, Cambridge, UK; Neill et al., 2010) . Il33 LacZ gene trap reporter mice and their WT (BALB/c) littermates were kindly provided by Jean-Philippe Girard (Centre National de la Recherche Scientifique, Institut de Pharmacologie et de Biologie Structurale, Toulouse, France; Pichery et al., 2012) . Rag2 −/− , Rag2 −/− γc −/− , and C57BL/6 mice were purchased from Taconic. NOD/SCIDγc −/− mice were a kind gift from Dr. Santiago Zelenay (Cancer Research UK, Manchester Institute, Manchester, UK). Muc5ac −/− and their WT (C57BL/6) littermates have been described previously (Hasnain et al., 2011) . Muc5b −/− , Muc5b ccspTg + overexpressers, and their WT (C57BL/6) littermates were generated as described previously (Roy et al., 2014) . Rag1 −/− mice on a C57BL/6 background were kindly provided by John Grainger (University of Manchester, Manchester, UK). All mice were used at 8-12 wk old, and animals were euthanized using a rising concentration of CO 2 . Mice were housed in specific pathogen-free conditions, and all animal procedures were either performed under the regulations of the Home Office Scientific Procedures Act (1986) and subject to review by the University of Manchester Animal Welfare and Ethical Review Body or were approved by the Weill Cornell Medicine Institutional Animal Care and Use Committees. The experiments conform to the Animal Research: Reporting of In Vivo Experiments guidelines.
Infections and parasite quantification
Techniques used for the maintenance, recovery, and infection of T. spiralis were conducted as previously described (Wakelin and Lloyd, 1976) . Experimental mice were infected with 300 infectious L1 T. spiralis larvae by oral gavage. Techniques for the maintenance and infection of Nb were conducted as previously described (Camberis et al., 2003) . Mice were infected with Nb by either i.v. or s.c. injection of 500 iL3 larvae. For coinfection experiments, coinfected mice were first infected with 300 T. spiralis larvae and 20 d later were infected with 500 iL3 i.v. For isolation of viable larvae from the lung, the whole lung was excised and minced with scissors, placed in gauze to form a bag, and suspended at the surface of a 50-ml polypropylene conical tube containing PBS at 37°C for 4 h. Viable worms follow a thermal gradient and migrate out of tissue to be collected at the bottom for counting. Following this, the lung tissue was digested in PBS containing 0.1 mg/ml of collagenase at 37°C for 16 h under constant agitation to assess the number of trapped/dead larvae. For isolation of adult worms, the small intestine was excised and cut longitudinally and placed in gauze to form a bag and suspended at the surface of a 50-ml tube containing PBS at 37°C for 4 h. The number of worms recovered from tissues was counted under a dissecting microscope (Leica). Methods used for the maintenance and preparation of H. polygyrus have been described previously (Behnke et al., 1993) . Mice were infected by oral gavage with 200 infective L3 larvae. A seed culture of H. microstoma-infected beetles was obtained from Prof. Jerzy Behnke (Nottingham University, Nottingham, UK), and the techniques used for maintenance and infection have been described previously (Cunningham and Olson, 2010) . Mice were infected with three cysticercoids by oral gavage.
Immunohistochemistry
Freshly isolated lungs were perfused with Methacarnoy's solution (60% absolute methanol, 30% chloroform, and 10% acetic acid), fixed in solution for 24 h, and then washed in 100% methanol before embedding in paraffin. Freshly isolated eyeballs were enucleated and fixed in Methacarnoy's solution. 5-µm sections were stained with periodic acid-Schiff's (PAS) reagent or subjected to immunohistochemical analysis with the following antibodies: Muc5b, generated by immunizing rabbits with synthetic peptides corresponding to the unique peptide sequence ELGQKVKCDVSSGLV, commercially available Muc5ac antibody (45M1; Sigma-Aldrich), or DCLK1 (Abcam; Ab31704). Bound primary antibody was detecting using the following antibodies; goat anti-rabbit IgG Alexa Fluor 488 (Invitrogen) and goat anti-mouse IgG Alexa Fluor 488 (Invitrogen). Sections were counterstained with DAPI. Images were captured using a Zeiss Axioimager.D2 upright microscope/Coolsnap HQ2 camera (Photometrics) through MetaVue Software. Specific bandpass filter sets for DAPI and FITC were used to prevent bleedthrough from one channel to the next. Images were then processed and analyzed using ImageJ.
In vivo treatment
Male C57BL/6 mice were infected with T. spiralis followed by treatment with either 0.2 mg/mouse purified murine anti-IL-13 IgG1 antibody (Genentech) or isotype control via i.p. injection. Injections were administered starting on day −1 and then every 2 d up to tissue collection. T. spiralis-infected male C57BL/6 mice were treated with either 1 mg/kg FTY720 (fingolimod hydrochloride; Sigma-Aldrich) or H 2 O daily throughout infection. Sortpurified IL-13 eGFP+ ILC2 from lungs of T. spiralis-infected mice were divided into either CD90.2 hi nILC2 or CD90.2 lo iILC2, as per Huang et al. (2018) . Sorted cytokine-positive ILC2 subsets were then transferred intranasally into naive NOD/SCIDγc −/− mice. Cell preparation and flow cytometry Lungs were cut into small fragments and digested for 45 min at 37°C with 1 mg/ml collagenase (Sigma-Aldrich) with gentle agitation. Red blood cells were lysed with ammonium-chloridepotassium lysing buffer. Digests were filtered twice through 70-µm cell strainers and centrifuged at 450 g for 5 min. Singlecell suspensions were stained with Fixable Viability Dye (eBioscience) for 30 min on ice. Fc receptors were blocked with anti-CD16/CD32 antibody (BD Biosciences) and then stained for 30 min on ice with fluorophore-conjugated antibodies. The following antibodies, purchased from BioLegend, were used to characterize IL-13 eGFP cells: lineage cocktail (CD3ε, TCRβ, TCRγδ, CD49b, CD19, B220, CD11b, CD11c, TER119, GR1, FcεR1α), CD45, CD25, CD90.2, CD127, ST2, and KLRG1. Flow cytometry was performed on a BD LSRII flow cytometer, and data were analyzed using FlowJo (TreeStar). Cell sorting was performed on a FACSAria.
Statistical analysis
Prism (GraphPad Software) was used to perform all statistical analyses. Differences between groups were calculated using either unpaired Student's t tests or one-way or two-way ANOVA followed by Sidak's post hoc test for multiple comparisons (the test for each graph is specified in the figure legend). Graphs were annotated with the following markers to denote significance: *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001. All graphs show mean ± SEM. All experimental data were verified in at least two independent experiments.
Online supplemental material Fig. S1 shows mucin analysis of day 42 lungs and day 4, 10, and 20 cornea from T. spiralis-infected mice, along with lung mucin analysis from H. polygyrus-and H. microstoma-infected mice. Fig. S2 shows lung mucin staining from T. spiralis-infected WT, IL-13 eGFP/eGFP , and Il33 −/− mice and DCLK1 staining on H. microstoma small intestine sections. Fig. S3 shows lung mucin analysis in Muc5b −/− or Muc5ac −/− mice following infection and in situ trapping of larvae in mucus and protection in Rag1 −/− mice.
